Spontaneous localization on a brane via a gravitational mechanism 
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In this letter we introduce a novel way to spontaneously localize particles (including gauge bosons) 
and gravitons kinetic terms on a four-dimensional brane via a gravitational mechanism. The model 
underlying this localization mechanism can be considered as a high-energy resolution of the so-called 
braneworlds scenario. In particular, we show how to construct a braneworld with induced gravity 
without pathologies. Finally, we argue that the brane is only stable if its own mass does not exceed 
a critical value related to the particles-gravity couplings. 
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I. INTRODUCTION 

Gravity is the weakest force in Nature. It is so weak 
that the weakest particle physics force, the weak interac- 
tion, is still 32 order of magnitude stronger than gravity. 
This unnatural mismatch generates the so called hierar- 
chy problem. In particular, because of it, the Higgs boson 
mass must be incredibly fine tuned in order to avoid large 
corrections due to the Planck scale cut-off and spoil all 
the successes of the Standard Model of particle physics. 

Obviously, in order to solve this problem, new physics 
should appear at least at the TeV scales where the Higgs 
mass starts to run consistently. A possibility is that this 
new physics lower enormously the gravity cut-off from 
the Planck to the TeV scales. This philosophy can be ele- 
gantly realized in braneworlds scenarios [LtM- There, our 
Universe is a four-dimensional hypersurface (a brane), 
which is embedded in one or more extra-dimensions. 
In this case a much stronger extra-dimensional gravity 
looks weaker on the brane because of gravity "leaking" 
in the extra-dimensions. However, in order to have a phe- 
nomenologically viable model, all Standard Model parti- 
cles (or any extension of it that we will shortly denote as 
SM) should mainly propagate on the brane at low ener- 
gies. Moreover, gravity itself should be also localized on 
the brane in order not to clash with Newtonian experi- 
ments. 

In the context of string theory, (stringy) gauge interac- 
tions can naturally propagate on fundamental D-branes. 
However, from the point of view of effective field theories 
and for a phenomenological study of the SM in higher 
dimensions (see for example [H, [2), it is of great interest 
to find an effective localization mechanism of particles 
on domain walls (braneworlds). In this respect, many 
phenomenological models have been suggested. While a 
phenomenological realization of spin and 1/2 localiza- 
tion is not too hard to find Q, the same is not true for 
gauge vectors (massless spin 1) (for the latest tentative 
see [1]). 

In 0, Dvali and Shifman argued that the only way 
to localize massless vector bosons on a brane is that, 
for some physical reason, vector bosons are confining on 



the bulk (the embedding space), whereas confinement is 
absent on the brane. A model independent way to de- 
scribe this physical fact is to postulate (let us work on 
one extra-dimension for simplicity) that the Lagrangian 
of the vector field has a localized kinetic term on the 
brane [al, i.e. 
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where Fab = d[A-^B\ + [^^Ij^b] is the field strength of 
the (non-)abelian vector A^, x = is the brane position, 
A, B... are bulk coordinates, fi^v... are brane coordinates, 
TO is a mass scale, (of length dimension) is the gauge 
coupling and finally S{x) is the Dirac delta function. 
The field equations are 
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Consider now a bulk with curvature radius I and a fiat 
four dimensional brane. If we are at higher energies than 
the curvature radius ^ (where p is the four di- 
mensional momentum parallel to the domain wall), we 
can safely neglect gravity [l^. In this case, for to small 
enough, i.e. for p^ ^ m? the term proportional to the 
Dirac delta function decouple in ([2]) and, on the brane 
(x 0) the gauge boson propagates as in four dimen- 
sions [1] 
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More specifically, standard calculations |5| show that the 
four dimensional vector field propagator on the domain 
wall is proportional to ^^^^^ and therefore the propaga- 
tion is four dimensional for ^ to^ as announced. 

An observer on the brane will then see a localized mass- 
less vector A^ and a decoupled massless scalar A^. The 
same would happen for low energies p^ <C in the case 
in which the curvature radius I is much smaller than the 
scale 1/to. In fact, in this case the Dirac delta function 
would again dominate over derivatives of the vector A^^ 
in the extra-dimensional direction Q. 

In its simplicity, the Dvali-Shifman localization mech- 
anism is very hard to realize in dimensions larger than 
four as based upon confining properties of Yang-Mills 
theories. But this is exactly where we would need it. 
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In other words, it would be desirable to have an effec- 
tive coupling of the vector boson with other degrees of 
freedom such that, in some limit, would reproduce (P). 

Suppose we can find a smoothing of the Dirac delta 
function of ([T]) due to some interaction of the gauge field 
with some other degrees of freedom. Naturally, because 
of diffeomorphisms invariance 



where 
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where ^^'^ is the four dimensional metric and A(x)^^^"^'^ 
is the smoothing tensor reproducing at low energies (fl]). 
To obtain ([l} in some limit, we need the combination of 
the two requirements: a) V^A"^ -- — > and b) that the 
smoothing tensor is peaked only in the four-dimensional 
legs with a thickness comparable to the brane thickness. 
In other words, it seems that the smoothing tensor should 
"know" about the spacetime structure of the bulk-brane 
system. Gravity itself is therefore the best candidate 
degree of freedom to couple to the gauge theory Fab 
in order to smoothly reproduce the theory ([1]). 

In this paper, we will construct a gravity interaction 
to gauge fields such that, in the presence of a domain 
wall, gauge bosons would be spontaneously localized on 
the bulk (but not on the brane). We will indeed find a 
phenomenological Lagrangian that reduces to ([T]) in the 
presence of a brane. The same mechanism can then be 
applied to any spin, including gravity. In other words, we 
will propose here a high-energy resolution of the so-called 
braneworld scenarios [Ij, i2|] . 



II. FIVE DIMENSIONAL LAGRANGIANS 
A. Gauge Bosons 

When talking about gravity, renormalizability is not a 
good criteria to construct effective field theories. Never- 
theless, at least at tree level, it is advisable to consider 
only theories with equation of motion that are at most 
second order in derivatives. This requirement is crucial as 
it avoids possible instabilities due to ghost propagations 
in general backgrounds. 

We will start by considering vector fields. For simplic- 
ity we will restrict to abelian fields but for non-abelian 
the generalization is straightforward. 

Our philosophy here is to find a confining mechanism 
without introducing explicitly new degree of freedom 
more than the graviton and the gauge boson 

A Lagrangian quadratic in the field strength, interact- 
ing to gravity and generating only second order differ- 
ential equations for both vector and metric variations is 
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and My is a mass scale. In the theory ([3]), the generation 
of second order equations of motion (for both metric and 
field variations) is due to the fact that VaA^^'-^^ = by 
Bianchi identities [1, In particular, because of that, 
we get the following equation of motion for the vector 
field 
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that closely resemble 

The Lagrangian ([3]) is actually unique in four- 
dimensions 0, however it is perhaps not in five dimen- 
sions. We leave this check for future work. In any case, 
we would like here to provide a mechanism for gauge 
localization which in its generality can be realized with 
the theory ([3]). Finally, we note that the sign in front 
of the non-minimal coupling has been chosen to avoid 
ghost propagation in backgrounds that do not violate en- 
ergy conditions. In the following, however, we will violate 
them as we will be interested in domain wall solutions. 
This will put a bound on the mass of the domain wall, 
as we shall show it. 

We will not consider specific details of how a brane is 
constructed. Indeed, we will only consider energy scales 
in which the brane thickness is not resolved. Specifi- 
cally, the physical brane will be here simulated by a 
lower dimensional hypersurface. Nevertheless, we will 
extensively use some of the ingredients of a physical do- 
main wall. Generically, a self-gravitating domain wall 
may only be constructed if dominant energy conditions 
are violated such that the bulk spacetime generically ap- 
proaches Anti-DeSitter (AdS) at large distances from the 
domain wall [To| . The negative energy is necessary to 
keep the wall "still" , otherwise it would quickly undergo 
a cosmological contraction (expansion). 

If we ignore the micro structure of the domain wall 
(its thickness) , all the above properties are well captured 
by a warped extra-dimensional geometry of the Randall- 
Sundrum type 



(6) 



where ds^ is the flat metric on the brane, N{x) = 
and finally x is the extra-dimensional coordinate (in the 
following we will use the notation ' = d/dx)- 



The second derivative of the scale factor is 
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p- — 2-^^. Curvatures are roughly proportional to 
the second derivative of the warp factor, schematically 



"curvatures" 



-jj -I —. We then see, as already an- 
nounced, that the large distance metric is of the AdS 
type with curvature length 

We can now plug the ansatz © into the action ([3]). 
After a lengthly but straightforward calculation we ob- 
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this lagrangian is of the form ([!]) which is our main re- 
sult. However, there is more than that. We note that 
the gauge coupling for the bulk theory is infinite for a 

critical length 1^ = ^J\Y^ ^^"^ negative for I < Ic- This 
is due to the fact that, as explained before, the bulk ge- 
ometry (AdS) violates energy conditions. Therefore, in 
this theory, there cannot be domain walls with energy 
larger than 1/lc- In fact, if these domain walls were pro- 
duced they would be quickly destroyed by the bulk gauge 
(ghost) instability. Note that in this process the total ki- 
netic term never vanishes as the boundary kinetic term 
is always non-zero and non-ghost like. 

Let us now analyze the theory ([2]) . In particular we can 
define an effective gauge coupling and a mass scale: g| = 



rewritten as 
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The theory is then conveniently 
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We see that for critical branes with Z — (m — > but 
mg'^ — >■ finite), the bulk kinetic term vanishes, so that the 
decoupled vector field looks like purely four-dimensional, 
no matter what scale M„(< oo) is. This limit however, 
corresponds to a strong coupling whenever the vector 
field is coupled to some bulk fields. There, the theory 
cannot obviously be trusted. 

As discussed in the introduction, the four-dimensional 
behavior of the gauge theory is determined by the scale 
I and m [7]. In particular, smaller is m more "four- 
dimensional" the gauge theory looks like. It is clear 
that m can be chosen to be small by choosing a small 
coupling mass My. What is non-trivial is that the four- 
dimensional behavior of the gauge theory can be made 
parametrically better and better by considering domain 
walls with curvatures approaching Ic, but far enough from 
it in order to avoid strong couplings. 



1. Quantum corrections? 

One may ask whether this localization mechanism can 
be spoiled by quantum corrections. Although the full 
quantum analysis is very hard to perform, in the weakly 
coupled regime we will argue that this would not be the 
case. In other words, we expect that the localization 
mechanism presented here is robust under quantum cor- 
rections. This is mainly due to the fact that, from the 
four-dimensional effective field theory, our theory is just 
a four dimensional gauge theory coupled to a resonance, 
as in [gJ. In this case, the running of couplings is not 



expected to change the structure of the effective four- 
dimensional theory and therefore, in turn, of the local- 
ization mechanism. Let us discuss this result from the 
five-dimensional point of view. 

The first thing to note is that quantum corrections may 
only be calculated on a specific background. In this sense, 
the theory (jS]) is in weak coupling in the background (jS]) 
as long as the energy scale of the system if far below the 
strong coupling scale of the (perturbed) theory around 
the same classical background. Note that strong coupling 
scales are indeed background dependent whenever the 
background is gravitationally non-trivial (for a discussion 
in the context of infiation see for example [ll|, [13] ) • 

Having said that, in the background ^ we can split 
the action (jS]) into a five and four dimensional one and 
study separately the quantum corrections whenever I is 
far away from Ic- The case of a critical brane / ^ Ic 
is, as already pointed out, describing a strongly coupled 
theory and therefore cannot be analyzed with standard 
perturbative techniques. 

Let us start with the five dimensional contribution and 
switch off, for the time being, gravity fiuctuations around 
the Randall-Sundrum background In this case, the 
effective gauge coupling runs only logarithmically ex- 
actly like in four-dimensions [13 • We can now discuss 
about the gravity contribution in the stable I > Ic case. 
The graviton propagator is canonically normalized with 
the Planck scale Mp. Therefore, the operator A"^ would 
produce a dimension six interaction scaling with the cut- 
off A = {MpM^)^^^. For energy scales far below A the 
gravity contribution to a possible run of Aly would then 
be negligible. 

We can now study the purely (boundary) four- 
dimensional sector. In this case again, as for ^ 
the theory is four dimensional, the effective coupling con- 
stant g^m would only run logarithmically just as in five 
dimensions. In other words, in the localization range 
<^ p^ <^ A^, the only running coupling would be 
the overall 65 (as in four-dimensions) in ([3]) and not My. 
This can also be understood by noticing that thanks to 
Bianchi identities, and for a rigid spacetime, the whole 
action ^ may be rewritten in terms of an effective met- 
ric containing A. In this case only the overall coupling 
constant would run as in We conclude then that 

for energy scales far below A the localization mechanism 
presented here would not be spoiled by quantum correc- 
tions. A more complete analysis is however left for a 
future work. 



B. Spin and 1/2 

Here we extend the confining mechanism introduced 
for the gauge sector to the matter sector. The logic is 
exactly the same as before. In order to achieve local- 
ization we will non-minimally couple the kinetic term of 
fermions and scalar fields to the Einstein tensor [G^^) 
as follows: 
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d^xdxV^g [A^^'Da^Db^ - V{^)] . (8) 



b. Fermions 



where 
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Da is the (gauge) covariant derivative, = e^T'^ where 
is the fiinf-bein of the spacetime, are the flat space 
Dirac matrices in five dimensions and finahy and 
are mass scales. 

As proven in for scalars, the non-minimal interac- 
tion of the kinetic term with the Einstein tensor does not 
propagate new degree of freedom (the same can be easily 
proven for fermions). In fact, only maximum second or- 
der derivatives appear in both field and gravity equation 
of motion thanks to the Bianchi identities Vy^A^^ = 0. 

By using the ansatz ^ we obtain 
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and 
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We see again that there are critical bulk curvatures 
If''^' = ^r:^, such that if I < If''!' we get an instabil- 
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ity. Finally, we note that the localized fermions (1121 are 
not chiral, similarly as in the case of Q . Chiral fermions 
may however be easily localized by considering to 
have a kink profile across the brane 



C. Gravity 

Gravity is already localized on a warped geometry Q . 
Nevertheless, gravity self-coupling via the Gauss-Bonnet 
combination (that propagates only two graviton polar- 
izations) would, exactly as before for lower spins, gener- 
ate a localized graviton kinetic term (induced curvature) 
capturing properties of the so called Dvali-Gabadadze- 
Porrati (DGP) scenario [l3|. For co-dimension larger 
than 1, the generation of a DGP-like model from Gauss- 
Bonnet interaction is an exact result (see for example 



[15l|). Here, we show that a DGP-like model can also be 
generated for co-dimension 1 branes at leading order in 
curvatures. 

The Einstein Gauss-Bonnet theory in five dimensions 

is 
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where Mg is a mass scale and GB = RabcdR^^'~'^ — 
4:RabR^^ + i?^ 

The idea now is to consider an expansion in curvatures. 
In this case, the lowest order gravity theory will be 

M3 
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where SRabcd is the curvature fluctuation around the 
background and Babcd = Rabcd - ^Rbc9ad + 
RgBcgAD- With the ansatz ^ we obtain 
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- 9i3i9. 

Plugging back to the action (IT^ we get 
S„ 



5''a5^b5'd5^c{1^) 



I d^xdxV~9 (1 - 
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f)], (15) 



where STZ is the induced four dimensional curvature of 
the brane and if^^ = —■^d-^j^i^ is the extrinsic curvature 
of the four dimensional metric fluctuations. Again, we 
see that there is an instability if the bulk background 
curvature is such that / < Ic where Ic = V^/Mg and a 
strong coupling in the tuned case I = Ic- We can now 
identify the effective five and four dimensional Planck 

masses as M5 = Mp (1 — |f 1 and M4 = 2\/2 ^^^ . 

Note that \i I ^ Ic and all SM fields live on the brane, 
gravity propagates mainly in four-dimensions and K^i, — )■ 
0, i.e. gravity is four-dimensional in this limit. This fact 
is in agreement with earlier studies of Newton laws for 
Gauss-Bonnet braneworlds [11] . With this definitions we 
have 



i / d'^xdx^ 



-g 



mHr+ 



Ml5{x) {sn + K^.K'^'' - K' 



(16) 



The action p6|) is not quite the DGP action. In fact 
it differs from it by the extrinsic curvature contribution. 
The DGP model suffers, in specific backgrounds, of ghost 
instability and/or strong coupling [17] . Since our theory 
comes from a well defined purely five dimensional action, 
we expect that the ghost appearing in the standard DGP 
action will be removed by properly taking into account 
the extrinsic curvature contribution. We leave this im- 
portant check for future work. 
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III. CONCLUSIONS 

In their simplicity, braneworld scenarios, traditionally 
assume a special role for gravity. There, gravity is sup- 
posed to propagate everywhere so to become weaker for 
a brane observer, whereas the standard model of particle 
physics (or extensions of it), at least the gauge sectors, 
would only be allowed to live on a brane. Of course 
this hypothesis is not satisfactory from an effective field 
theory point of view. Moreover, requirement of difFeo- 
morphism invariance clashes with these assumptions. 

Physical branes are not lower dimensional hypersur- 
face but domain walls. Domain walls are self-gravitating 
solutions generated by a field smoothly connecting two 
vacuums, in a short distance L. Therefore, at energy 
scales larger than 1/L, an observer would see a higher 
dimensional object. In this sense then a theory of dy- 
namical localization of the SM urges. 

In this paper we propose a gravitational mechanism 
such that the kinetic term of matter fields is sponta- 
neously localized on a domain wall, so to reproduce the 
(quasi-)localization hipotesys of @. Our mechanism is 
very easy to understand. A self-gravitating domain wall 
solution produces a peak of large curvatures at the do- 
main wall position. By non-minimally coupling the ki- 
netic term of SM fields to curvatures, we can easily pro- 
duce localized SM kinetic terms. This localization makes 
the SM fields looking lower dimensional for a brane ob- 
server, similarly as in the Dvali-Shifman mechanism 
The only requirement we adopted for these curvature in- 
teractions was to avoid generation of higher derivative 
theories and/or new degrees of freedom. 

An important consequence of our proposal is that 
branes cannot be too heavy as they would be destroyed 
by SM instability. 

With this mechanism at hand, one can now discuss 



about scatterings at energies comparable to the brane 
thickness, by considering specific realizations of the do- 
main wall. At that energy scales indeed, the microstruc- 
ture of the brane strongly interact, by gravity media- 
tion, with the localized SM particles. We expect there- 
fore new signatures from these interactions that should 
significantly differ from the one generated by an infinites- 
imally thin brane with a distributional localization of SM 
fields. This is of obvious importance for the ongoing LHC 
experiment. 

Black Holes formation in high-energy scatterings can 
also (in principle) be precisely addressed in our set-up. 
Related to that, in our theory, the SM "thickness" does 
not generically follow the equivalence principle. In other 
words gravitational signatures at high energies via SM 
collisions would produce specific signatures dependently 
on the spin. We leave however the phenomenological 
study of this theory for future work. 

We finally conclude by noticing that self-gravity in- 
teractions via the bulk Gauss-Bonnet term produces a 
theory of gravity with induced curvatures on the brane 
resembling the DGP model. This theory, however, dif- 
fers form it by the presence of localized extrinsic curva- 
tures with respect to the brane (at least for branes co- 
dimensions < 4 [l^). We believe that this modification 
should eliminate the problem of ghost propagation [l3| in 
cosmological backgrounds for co-dimensions < 4 branes. 
This is also left for a future investigation. 
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